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We describe the spatial and temporal patterns of cell division in the early Xenopus embryo, concentrating on the period
etween the midblastula transition and the early tailbud stage. Mitotic cells were identified using an antibody recognising
hosphorylated histone H3. At least four observations are of interest. First, axial mesodermal cells, including prospective
otochord, stop dividing after involution and may not divide thereafter. Second, cell division is more pronounced in the
eural plate than in nonneural ectoderm, and the pattern of cell division becomes further refined as neurogenesis proceeds.
hird, cells in the cement gland cease proliferation completely as they begin to accumulate pigment. Finally, the precursors
f peripheral sensory organs such as the ear and olfactory placode undergo active cell proliferation when they arise from the
ensorial layer of the ectoderm. These observations and others should provide a platform to study the relationship between
he regulation of developmental processes and the cell cycle during Xenopus embryogenesis. © 2001 Academic Press
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As our understanding of the mechanisms that govern the
cell division cycle has advanced during the last quarter of
the century (Nurse, 2000), it has become possible to study
how cell proliferation is controlled at the molecular level
during the development of multicellular organisms. In
order to conduct such a study, it is essential to obtain either
a precise developmental cell lineage or an accurate spatial
and temporal map of embryonic cell division cycles. In
Caenorhabditis elegans, embryonic blastomeres follow a
fixed cell lineage (Sulston et al., 1983). Embryos of Drosoph-
ila melanogaster do not have an invariant cell lineage, but
clusters of synchronously dividing cells appear over the
blastoderm surface shortly after cellularisation (Foe, 1989).
These “mitotic domains” correspond to certain develop-
mental fates and their positions and times of appearance are
identical from embryo to embryo. Together, these observa-
tions indicate that cell-cycle control and the developmental
programme are genetically linked.
Do mitotic domains exist in early vertebrate embryos,
and might these reflect the fate map? In zebrafish embryos,
1 To whom correspondence should be addressed. Telephone:
144 (0)1223 334131. Fax: 144 (0)1223 334134. E-mail: ys243@
cam.ac.uk.
2 Present address: Wellcome/CRC Institute, Tennis Court Road,
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All rights of reproduction in any form reserved.hree mitotic domains, with characteristic cell-cycle
engths, arise after the midblastula transition (MBT): the
uter enveloping layer (EVL), the yolk syncytial layer (YSL),
nd the deep cells between the EVL and the YSL (Kane et
l., 1992). In contrast to Drosophila, however, there is no
orrelation between the zebrafish mitotic domains and the
mbryonic fate map. During gastrulation in the mouse
mbryo, after formation of the primitive streak, the embryo
ndergoes rapid growth that is attributed to the so-called
proliferative zone” in the anterior midline (Snow and
ennett, 1978). This observation and the others described
bove indicate that different species adopt different strate-
ies to increase cell number during early stages of embryo-
enesis.
In Xenopus laevis, there have been many studies describ-
ng the synchronous cleavage of blastomeres prior to the
idblastula transition (reviewed by Masui and Wang,
998), and much is known about the underlying regulation
f the cell-cycle machinery (Hartley et al., 1996). At later
tages, analyses have been restricted to the central nervous
ystem. For example, it has been shown that neural tube
losure and primary neurogenesis proceed normally with-
ut cell division after the onset of gastrulation (Harris and
artenstein, 1991). If cell division is blocked, however,
ome abnormalities are observed such as a reduction in
umbers of axons or dendrites and a disorganisation of the
etina, presumably due to the reduction in primary neuron
umbers (Harris and Hartenstein, 1991). These observa-
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308 Saka and Smithtions indicate that although cell differentiation may occur
independently of cell proliferation, development of fully
functional organs requires normal cell division.
With the exception of this work and other work on cell
division patterns during primary neurogenesis (Harten-
stein, 1989), little is known about the global pattern of
cell proliferation after MBT, when zygotic transcription
starts and the cell cycle elongates (Newport and Kirsch-
ner, 1982a,b). In this paper we provide the first overall
description of the spatial and temporal patterns of cell
division in the early Xenopus embryo, concentrating on
the period between the MBT and the early tailbud stage.
To identify dividing cells, we employed an antibody
recognising phosphorylated histone H3 (henceforth re-
ferred to as aPH3), which recognises cells in mitosis.
hole-mount staining of Xenopus embryos using this
itotic marker has produced several interesting observa-
ions. First, axial mesodermal cells become nonmitotic
fter involution and prospective notochord cells may not
ivide at all thereafter. Second, cell division is more
ronounced in the neural plate than in nonneural ecto-
erm during neurula stages and becomes further refined
s neurogenesis progresses. Third, cells in the future
ement gland cease proliferation completely as they
egin to accumulate pigment. Finally, the precursors of
eripheral sensory organs such as the ear or olfactory
lacode undergo active cell proliferation when they form
rom the sensorial layer of the ectoderm. These observa-
ions and other results described below should serve as a
latform to study the relationship between the regulation
f developmental processes and the cell cycle during
enopus embryogenesis.
MATERIALS AND METHODS
Embryonic Manipulations and
Immunocytochemistry
Fertilisation, culture, and fixation of Xenopus embryos were as
described (Tada et al., 1997). Stock solutions of hydroxyurea (HU;
Sigma) at 3 M in water and nocodazole (NOC; Sigma) at 10 mg/ml
in DMSO were diluted in normal amphibian medium (NAM)
immediately before use. For HU treatment, embryos were trans-
ferred to 1/10 NAM containing 30 mM HU 1 h after fertilisation
and incubated at room temperature until control embryos reached
stage 9. In the presence of HU, embryos continue to divide until
maternal deoxynucleotide pools become exhausted around the
time of MBT (Newport and Dasso, 1989). For NOC treatment,
fertilised embryos were transferred to 1/10 NAM containing 10
mg/ml NOC at stage 8 and incubated for another 2 h at ambient
temperature. Whole-mount immunostaining was carried out using
an anti-phosphohistone H3 antibody (Upstate Biotechnology, 1
mg/ml). HRP-conjugated goat anti-rabbit IgG (H 1 L) (BioRad or
Roche Molecular Biochemicals, 1:1000) was used as a secondary
antibody. Embryos were dehydrated in methanol and cleared in
benzyl benzoate/benzyl alcohol before examination (Figs. 3A and
5). For immunocytochemical sectioning, embryos were embedded
in paraffin and sectioned at 10 mm. They were stained with methyl
reen (Fig. 3B) or by the Feulgen technique (Smith, 1993). For
Copyright © 2001 by Academic Press. All rightmmunofluorescence microscopy, Cy3-conjugated goat anti-rabbit
gG (H 1 L) (Jackson ImmunoResearch Laboratories, 1:500) was
sed as a secondary antibody. Embryos were stained using DAPI
0.1–0.4 mg/ml in PBS), washed briefly in PBS, and then mounted in
glycerol. They were observed using a Leica TCSNT confocal
microscope system.
Image Acquisition
Immunocytochemical sections were observed using a Zeiss
Axiophot microscope equipped with a JVC 3-CCD camera (JVC,
model no. KY-F55B) and the images were acquired digitally by
means of Image Grabber PCI system software (Neotech Ltd.).
Images were processed with Adobe PhotoshopTM (Adobe Systems
Inc.). The public domain NIH Image program (U.S. National
Institute of Health, available at http://rsb.info.nih.gov/nih-image/)
was used to make composite images (Figs. 4 and 6) and to count
nuclei (Table 1). Mitotic indices during gastrulation were deter-
mined by counting nuclei contained within 11–12 midsagittal
sections for each embryo. For counting mitotic indices at stage 15,
transverse sections in the trunks of two stained embryos were
divided radially into six equal sectors, such that the dorsal-most
sector contained the neural plate. The remainder of the ectoderm
was regarded as nonneural ectoderm. The results are summarised
in Table 2.
RESULTS
Visualisation of Mitotic Cells in the Xenopus
Embryo
To visualise mitotic cells in Xenopus embryos, we used an
aPH3 antibody. This antibody is highly specific for the phos-
phorylated form of the amino-terminus of histone H3 (serine
10), which is present from late G2 until telophase during the
mitotic cell cycle (Hendzel et al., 1997; Paulson and Taylor,
1982). The antibody has been shown to recognise mitotic
chromosomes from a wide range of eukaryotes including
human, Tetrahymena, Drosophila, and C. elegans.
To confirm that this antiserum also recognises mitotic
chromosomes in Xenopus, embryos were fixed at stage 9
and stained by indirect immunofluorescence. Observation
by confocal microscopy (Fig. 1) showed that aPH3 antibody-
tained chromosomes strongly at metaphase (white arrow-
eads in A–C, and high magnification in D–F) as well as at
rophase/prometaphase (green arrowhead) and at anaphase
arrow). Nuclei during other phases of the cell cycle were
ot stained or stained only weakly. To further confirm that
aPH3 antibody recognises only mitotic nuclei in Xenopus,
fertilised embryos were treated with either nocodazole, an
inhibitor of microtubule assembly, or hydroxyurea, an
inhibitor of ribonucleotide reductase (see Materials and
Methods for details). These drugs have been shown to arrest
cells at specific cell-cycle stages in Xenopus; nocodazole
causes mitotic arrest (Clute and Masui, 1995) and HU
blocks cells in S-phase (Newport and Dasso, 1989). As these
drugs block cell division, blastomeres in nocodazole- or
hydroxyurea-treated embryos are larger in size at the time
s of reproduction in any form reserved.
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309Cell Division Patterns in Early Xenopus Embryoof fixation than those in the control embryos (data not
shown). The number of aPH3 antibody-stained nuclei in-
reased significantly in nocodazole-treated embryos com-
ared to those in the nontreated embryos (Figs. 2A and 2B).
small population of cells was not stained by aPH3
FIG. 1. Immunofluorescence microscopy of a Xenopus embryo s
mbryo was double-stained with the DNA dye DAPI (A and D, b
Merged images are shown in (C and F). (A–C) Images at low magnifi
in anaphase, white arrowheads a cell in metaphase, and green arro
chromosome arms are clearly seen. Scale bar 5 50 mm (A–C), or 5
FIG. 2. Whole-mount immunostaining by aPH3 after treatment w
ontrol, (B) NOC-treated, and (C) HU-treated embryos at stage 9. D
OC-treated embryos was not stained by aPH3 antibody (2B, arr
itosis at the start of nocodazole application and had a cell-cycleantibody (Fig. 2B, arrows), presumably because these cells
Copyright © 2001 by Academic Press. All righthad just completed the previous mitosis at the start of
nocodazole application and had a cell-cycle period longer
than the duration of the treatment (2 h). In contrast,
hydroxyurea treatment caused a dramatic decrease in the
number of aPH3 antibody-positive nuclei (Fig. 2C). The
d with anti-phosphohistone H3 antibody (aPH3) at stage 9. The
and aPH3 (B and E, red) and observed with confocal microscopy.
n and (D–F) at high magnification. Arrows in (A–C) indicate a cell
d a cell in prophase/prometaphase. In (D–F), individual condensed
m (D–F).
ocodazole (NOC) and hydroxyurea (HU). Animal pole views of (A)
rown dots are aPH3-positive nuclei. A small population of cells in
presumably because these cells had just completed the previous
d longer than the duration of the treatment (2 h).taine
lue)
catio
whea
5 m
ith n
ark b
ows),small number of aPH3-positive cells in these HU-treated
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310 Saka and Smithembryos may have already completed DNA synthesis when
the nucleotide pool became exhausted. These results con-
firmed that the aPH3 antibody detects only mitotic chro-
osomes in early Xenopus embryos.
The aPH3 reagent was then used to perform a series of
whole-mount antibody stains to analyse the spatial and
temporal patterns of cell division during early stages of
Xenopus development. At least 10 embryos at each devel-
opmental stage were stained, dehydrated, and cleared for
observation. We observed that patterns of cell divisions are
very similar from embryo to embryo (data not shown).
Some of the aPH3-stained embryos were subjected to his-
ological sectioning for more detailed analysis. These re-
FIG. 3. Xenopus cell division pattern at stage 9. (A) Animal pole
view of a whole embryo stained with aPH3 after clearing. Brown
ots are mitotic nuclei. (B) Midtransverse section of a stained
mbryo. Mitotic nuclei appear as brown dots and other nuclei are
ight green.ults are presented below.
Copyright © 2001 by Academic Press. All rightSpatiotemporal Pattern of Cell Division:
Midblastula Transition to Stage 10
In the early cleavage stages of Xenopus, the cell-cycle
length of each blastomere remains constant until the 10–
12th cleavage. The transition from synchronous to asyn-
chronous divisions occurs during the midblastula transi-
tion, but at different times in different regions of the
embryo, with blastomeres closer to the vegetal pole losing
synchrony a few cycles earlier than those in the animal pole
(Boterenbrood and Narraway, 1983; Masui and Wang, 1998;
Satoh, 1977). After MBT at stage 9, mitotic nuclei were
distributed apparently randomly within the embryo (Figs. 1,
2A, and 3).
Spatiotemporal Pattern of Cell Division:
Gastrula Stages
The first regional differences in the cell-division cycle
were detected at gastrula stages, during which the overall
mitotic index in the Xenopus embryo declines precipitously
rom 27.5% at stage 10.5 to 11.3% and 8.8% at stages 11
nd 11.5, respectively (Table 1). Examination of sections of
aPH3-stained embryos at stages 10.5–12.5 revealed no mi-
totic cells in the involuted dorsal axial mesoderm (Figs. 4D
and 4F, highlighted in red). This observation indicates that
cells of the prospective notochord may not divide from the
midgastrula stage onward, a time which coincides with the
demarcation of the notochord from paraxial mesoderm, but
significantly precedes terminal differentiation and vacuola-
tion at stage 23 (Hausen and Riebesell, 1991; Nieuwkoop
and Faber, 1967). By contrast, mitotic cells were observed in
the overlying ectoderm, in the anterior-most mesoderm
(prospective prechordal plate) and in ventral mesoderm, as
well as in the archenteron roof (Figs. 4C–4F).
Spatiotemporal Pattern of Cell Division:
Neurula Stages
Whole-mount examination of Xenopus embryos at neu-
ula stage 13 revealed mitotic cells distributed throughout
he dorsal neurectoderm (Fig. 5A). By stage 15, as the neural
TABLE 1
Mitotic Indices in Gastrulating Xenopus Embryos
Stage
Sections counted
(no. of embryos)
Mitotic
nuclei
Total
nuclei
% Mitotic
cells
10.5 11 (1) 733 2668 27.5
11 34 (3) 1846 16,291 11.3
11.5 11 (1) 523 5977 8.8
12 33 (3) 1083 19,240 5.6
12.5 11 (1) 611 8224 7.4
Note. Determination of mitotic indices involved counting all
nuclei contained within 11–12 midsagittal sections per embryo.
s of reproduction in any form reserved.
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311Cell Division Patterns in Early Xenopus Embryoplate converged dorsally and became narrower, stripes of
mitotic cells appeared on both sides of the neural groove
FIG. 4. Cell divisions detected by aPH3 in gastrula stage embryos
11, and 12, respectively. Brown dots are mitotic nuclei and blue dot
B, D, and F) Composite images of 11 serial sagittal sections of a
uclei appear as black dots. Dorsal axial mesoderm is highlighte
ectioning, sections could not be registered with each other precis(Fig. 5B). Consistent with this observation, Hartenstein t
Copyright © 2001 by Academic Press. All right1989) observed a wave of DNA replication, revealed by
rdU incorporation, moving from the lateral neural plate
C, and E) Sagittal sections of aPH3-stained embryos at stage 10.5,
nonmitotic nuclei. Arrows indicate dorsal lip. Scale bar is 200 mm.
sentative embryo at stages 10.5, 11, and 12, respectively. Mitotic
red; mitotic cells are absent. Note that due to distortion during. (A,
s areoward the dorsal midline between stages 13 and 15. At
s of reproduction in any form reserved.
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312 Saka and Smithstage 15 the mitotic indices in the neural plate and the
nonneural ectoderm of the trunk region were 6.2 and 3.9%,
respectively (Table 2).
At stage 15, active cell proliferation was observed in the
prospective brain and in the thickened layer of anterolateral
neural plate that represents the eye vesicles (Fig. 6C). No
cell division was observed in the presumptive notochord
(see also Hissam and Belousov, 1983, 1984) and no mitoses
were detected in somitic mesoderm, which is well demar-
cated from the lateral mesoderm by this time (Figs. 6B, 6E,
and 6G). Mitotic figures were frequently observed in lateral
and ventral mesoderm (Figs. 6A, 6F, 6G, and data not
shown). The circumblastoporal collar was also active in
proliferation compared with adjacent dorsal mesoderm, as
is evident in a composite image of sagittal sections (Fig. 6B).
During stage 19, cell division was high in the central
nervous system (Figs. 7A, 7C, and 7F) and, intriguingly,
mitotic cells were frequently observed at the lateral edges of
the somites (Figs. 7A and 7H, arrowheads). By contrast, no
cell division was detectable at stage 18 in the epithelial
layer of the ectoderm corresponding to the presumptive
FIG. 5. Cell division patterns in early neurula embryos as de-
tected by aPH3. Dorsal views of whole embryos, anterior to the
op, at (A) stage 13 and (B) stage 15 are shown. Mitotic nuclei appear
s brown dots. Dorsal midline is indicated in (B) by stippled lines.
itotic cells become prominent on both sides of the midline at
tage 15.cement gland (Fig. 7I), and indeed mitotic figures were not
Copyright © 2001 by Academic Press. All rightetected in the cement gland thereafter. No such quies-
ence was observed at stage 15 (data not shown).
Spatiotemporal Pattern of Cell Division:
Early Tailbud Stage 23
Mitotic figures in the central nervous system were de-
tected predominantly in the cell layer facing the brain
ventricle and central canal of the spinal cord (Figs. 8B–8E).
Many mitotic figures were also observed in the ear placode,
which arises through invagination of the sensorial layer of
the epidermis, and in nearby neural crest cells (Figs. 8B, 8C,
8F, 8G, and 8H, arrows). Interestingly, when the olfactory
placode became distinct as a thickening of the sensorial
layer of epidermis anterior to the forebrain, cells here also
showed active proliferation (Figs. 8D and 8E, arrowheads).
The anterior endoderm of the embryo gives rise to gill
pouches and liver diverticulum (Graham and Morgan,
1966). Although cell density is higher in this region than in
medial or posterior endoderm, there was no suggestion of an
increased occurrence of cell division anteriorly (Figs. 8D,
8E, 8I, 8J, and 8K).
DISCUSSION
Our objective is to understand the relationship between
patterns of cell division, morphogenesis, and differentiation
in the early Xenopus embryo. We have used aPH3 as a
arker of mitosis to examine the spatial and temporal
atterns of cell division from the midblastula transition to
he early tailbud stage. Our observations show that highly
eproducible patterns of cell proliferation exist in early
enopus embryos. Furthermore, there is a strong correla-
ion between the early events of development and the
egulation of the cell cycle, most notably in the suppression
f cell proliferation in dorsal mesodermal cells during
astrulation.
TABLE 2
Mitotic Indices in Neural and Nonneural Ectoderm at Stage 15
Sections
counteda
Neural or
nonneuralb
Mitotic
nuclei
Total
nuclei
% Mitotic
cellsc
Embryo 1 8 Neural 38 629 6.0
Nonneural 87 1926 4.5
Embryo 2 5 Neural 30 475 6.3
Nonneural 42 1352 3.1
a Intervals between the counted sections are 50 mm for Embryo 1
and 100 mm for Embryo 2.
b Transverse sections in the trunk region were radially divided
nto six equal sectors and ectoderm in the dorsal-most sector was
egarded as neural plate.
c Average mitotic indices for the two embryos are 6.2% for
neural and 3.9% for nonneural ectoderm.
s of reproduction in any form reserved.
313Cell Division Patterns in Early Xenopus EmbryoFIG. 6. Patterns of cell proliferation at stage 15. (A) A sagittal section, anterior to the left. (B) Composite images of 11 serial sagittal
sections of a representative embryo. (C, F, and G) Transversal sections of aPH3-stained embryos. (D) Positions of sections as indicated in
this schematic drawing of stage 15 embryo (dorsal view). The drawing of the embryo was taken from Nieuwkoop (1967). (E) Higher
magnification of dorsal region as indicated by rectangle in (G). See text for details. Scale bar 5 100 mm. Abbreviations: n, notochord; nc,
neural crest; ov, optic vesicle; pc, prechordal plate; sm, somite.
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
m314 Saka and SmithFIG. 7. Cell division patterns during late neurula stages. Mitotic nuclei are dark brown dots and the other nuclei are blue or purple. (A)
Dorsal horizontal section of stage 20 embryo as indicated in (B). Notochord in the middle and six pairs of newly formed somites are seen.
(B) Schematic representation of the positions of sections shown in this figure. The drawing of the embryo was taken from Nieuwkoop
(1967). (C) Sagittal, (D) horizontal, and (E) midtransversal sections of stage 19/20 embryo. (F and G) Higher magnifications of head and tail
region, respectively, as indicated by rectangles in (D). (H) Higher magnification of dorsal region indicated by rectangle in (E). (I) Anterior
ventral view of aPH3-stained embryo at stage 18. No mitotic cells are present in cement gland region. Arrowheads in (A) and (H) indicate
itotic cells present in the lateral region of somites. Scale bar 5 100 mm. Abbreviations; cg, cement gland; n, notochord; nt, neural tube;
sm, somite.
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
fiv
r
315Cell Division Patterns in Early Xenopus EmbryoFIG. 8. Cell division patterns at early tailbud stage. (A) Schematic drawing of stage 23 embryo. Positions of horizontal sections in this
gure are indicated. (B–K) Horizontal sections of aPH3-stained embryo at stage 23. (B–E) High magnifications of areas indicated by
rectangles in (F, G, I, and J). Arrows indicate ear placodes and arrowheads olfactory placodes. Scale bar 5 200 mm. Abbreviations; bv, brain
entricle; cg, cement gland; ev, eye vesicle; fg, foregut; hg, hindgut; hm, head mesenchyme; n, notochord; nc, neural crest; nt, neural tube;
e, rhombencephalon; sm, somite.
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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316 Saka and SmithSpatial–Temporal Pattern of Cell Division after
MBT until the End of Gastrulation
During cleavage stages of Xenopus development, cells in
he animal hemisphere of the embryo become smaller than
hose in the vegetal hemisphere. This phenomenon may be
ttributed both to unequal cytokinesis, with planes of cell
ivision occurring away from the yolkier side of blas-
omeres, and to an earlier transition of synchronous to
synchronous cell divisions in the vegetal hemisphere at
BT (Masui and Wang, 1998). At stage 9, just after MBT,
he aPH3 staining pattern indicates that mitotic figures are
pparently randomly distributed (Figs. 1, 2A, and 3).
The increase in cell numbers during blastula stages may
e significant in the regulation of gastrulation; Cooke
1973) showed that if cell division is blocked at the mid to
ate blastula stage, gastrulation movements are severely
erturbed, suggesting that proper gastrulation requires a
inimum number of cells.
Cooke (1973) also found, however, that if cell prolifera-
ion is inhibited after the onset of gastrulation, there is
ittle effect on morphogenesis. This observation can now be
iewed in light of our results which show that the dorsal
esodermal cells which drive gastrulation (Keller et al.,
985) do not divide during gastrula and later stages anyway
Fig. 4). We note that in this respect the dorsal mesodermal
ells contrast with anterior mesoderm, which is the first to
nvolute and contains proliferating cells at all stages of
astrulation.
The lack of proliferation in dorsal mesodermal cells may
e necessary for gastrulation to proceed normally. Recent
esults have demonstrated that inhibition of mitosis in
rospective mesoderm is essential for normal gastrulation
n Drosophila (Großhans and Wieschaus, 2000; Mata et al.,
000; Seher and Leptin, 2000), and we plan to ask if the
ame is true in Xenopus.
Finally, the observation that the onset of gastrulation
oincides with the appearance of cells in the G1 phase of
he cell cycle (Frederick and Andrews, 1994) suggests that
orsal mesodermal cells are arrested in G1. In this regard,
e note that p27XIC1, a Xenopus homologue of the mamma-
lian cyclin-dependent kinase inhibitor p27Kip1, is expressed
strongly in notochord and somites at the neurula stage, and
that its expression pattern does not overlap with regions of
high proliferation as revealed by BrdU incorporation (Hard-
castle and Papalopulu, 2000). It will be interesting to see
whether if p27XIC1 is expressed in dorsal mesoderm to
ontrol the cell cycle during gastrulation.
Cell Proliferation in the Somites
In vertebrates, newly formed somites can be divided into
medial and lateral compartments. The medial compart-
ment gives rise to axial muscles and the skeleton while the
lateral region forms muscles of the limbs and body wall.
During avian somite patterning, this mediolateral specifi-
cation is controlled by the opposing effects of BMP-4
secreted by lateral plate cells and noggin, a BMP-4 antago-
Copyright © 2001 by Academic Press. All rightist, produced by presumptive somite cells (Pourquie´ et al.,
996; Tonegawa and Takahashi, 1998). Our observations
ndicate that only cells in the lateral compartment of
omites undergo proliferation during somitogenesis (Figs.
A and 7H). This is consistent with the observation that
ifferentiation of lateral somitic cells is delayed compared
ith medial cells (Pourquie´ et al., 1995) and it may be that
additional proliferation of the lateral cells is required to
produce enough cells to populate the entire hypaxial mus-
culature. It is not known what controls proliferation in the
lateral cells, although BMP-4 is one candidate for a mito-
genic signal.
Pattern of Cell Proliferation in the Neural Plate
aPH3-staining during neurula stages showed that neural
plate cells have higher mitotic activity than nonneuronal
ectodermal cells (Fig. 5 and Table 2), suggesting that cell-
cycle regulation differs in these two cell types. This higher
mitotic activity may derive from a wave of cell division that
sweeps from lateral to medial in the Xenopus neural plate,
which causes lateral primary neuron precursors to become
postmitotic earlier than medial ones (Hartenstein, 1989).
Consistent with this idea, lateral, but not medial, longitu-
dinal domains in the posterior neural plate do not incorpo-
rate BrdU during the midneurula stage (Hardcastle and
Papalopulu, 2000).
Although this spatial and temporal pattern of cell prolif-
eration might be important for the production of rows of
different neuronal types (sensory, inter-, and motor neu-
rons), further studies are needed to understand the role of
the proliferation wave in primary neurogenesis. We note
that primary neurogenesis can proceed without cell divi-
sion (Harris and Hartenstein, 1991), suggesting that the role
of cell proliferation is to obtain the correct number of
primary neurons. Interestingly, cell death occurs among
sensory neuron precursors shortly after the wave of mitosis
(Hensey and Gautier, 1998), indicating that cell division
and cell death are coordinated spatially and temporally
during primary neurogenesis.
Cell Proliferation during Olfactory and Ear
Placode Formation
The olfactory placodes appear around stage 21 while the
otic placode starts to invaginate slightly later (Schlosser and
Northcutt, 2000). Staining with aPH3 revealed that the
appearance of these placodes was accompanied by cell
proliferation (Figs. 8B–8E), suggesting that placode forma-
tion and cell proliferation are coordinated. In Xenopus,
transplantation of ectoderm from different regions and
stages has suggested that otic vesicle induction depends on
the presumptive hindbrain (Gallagher et al., 1996); if so, the
same inductive signal might also induce cell proliferation.
Similarly, an inductive signal from the developing forebrain
may promote both olfactory placode formation and accom-
panying cell proliferation. However, we note again that otic
s of reproduction in any form reserved.
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317Cell Division Patterns in Early Xenopus Embryovesicle as well as lens formation can occur even when cell
proliferation is blocked (Harris and Hartenstein, 1991).
These results suggest that cell division is not required for
the differentiation of these placodes, but may be necessary
for formation of the functional organs or for achievement of
the proper size. In the future it will be necessary to clarify
the role of proliferation during development of these pla-
codes.
Cement-Gland Formation and Cell-Cycle
Regulation
The cement gland is a mucus-secreting organ derived
from the most anterior region of the neurectoderm. At stage
18, but not stage 15, the cement gland primordium is visible
as a sharply defined area of nonproliferating cells (Fig. 7I).
Mitoses cannot be detected in the cement gland at later
stages, either, when the cells became columnar and differ-
entiate further (Fig. 8K), suggesting that cement gland cells
exit the cell cycle around stage 18. Although the formation
of cement gland and anterior neural tissue such as forebrain
and midbrain are controlled by the homeobox gene otx2
(Blitz and Cho, 1995; Pannese et al., 1995), the timing of the
cell-cycle exit before terminal differentiation must be con-
trolled differently during the formation of these organs. The
role of the cell-cycle exit in cement gland development, and
the mechanism by which it occurs, await future investiga-
tion.
Conclusion: The Relationship between Patterns of
Cell Division, Morphogenesis, and Differentiation
in Xenopus Embryos
It is important during development that cells know when
to divide and when not to divide, and the interpretation of
experiments in which cell division is perturbed requires
knowledge of what is the normal pattern of cell prolifera-
tion. One example of this point comes from the analysis of
gastrulation in Xenopus. Inhibition of cell division by
mitomycin C at the time of MBT blocks gastrulation
because there are not enough cells for epiboly to be com-
pleted (Cooke, 1973). Later inhibition of cell cycle has a
much more benign effect (Cooke, 1973; Harris and Harten-
stein, 1991) because the involuted mesodermal cells that
drive morphogenesis do not normally divide during gastru-
lation. Later inhibition of proliferation does have some
effects, however, including a shortened axis, disorganised
mesoderm (Cooke, 1973), and smaller eyes (Harris and
Hartenstein, 1991). Interestingly, when HU-treated em-
bryos were released from cell-cycle arrest, morphological
abnormalities were exacerbated, suggesting that there is a
critical period during which cell proliferation must occur if
development is to proceed normally (Harris and Harten-
stein, 1991). Such critical periods can be deduced from
studies of the type presented here.
Finally, we note that most experiments examining the
role of cell proliferation in Xenopus have involved inhibi-
Copyright © 2001 by Academic Press. All rightion of cell division. It will be interesting to test the
onsequences of forced cell proliferation in otherwise qui-
scent tissues such as axial mesoderm or the cement gland.
his might be possible by overexpression of Cyclin E or
2F, which promote the G1 to S-phase transition (Nurse,
000). Such an approach has been shown to be feasible in
he Drosophila eye (Richardson et al., 1995) and wing
maginal discs (Neufeld et al., 1998).
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